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Abstract

Four pyrazolyl-azo dyes derived from 3-acetylamino-1-phenyl-5-pyrazolone were prepared and characterized. The electroreduction of the
prepared azo dyes was studied at a mercury electrode in the universal buffer at pH 2—12.2 containing 10% DMF using dc-polarography, cyclic
voltammetry and controlled-potential coulometry. The dc-polarograms of the examined pyrazolyl-azo dyes (I—1V) exhibited a single 4-electron
irreversible cathodic wave in solutions of pH values: <7, <9.4, <10.5, and <9.4, respectively, which can be attributed to reduction of the
N=N-— group of the dye to the corresponding amine via the consumption of four electrons. Increase of pH resulted in the reduction wave split-
ting into two, the limiting current of the 2nd wave increasing at the expense of the first until the latter disappeared completely in solutions of pH
>9.5 (), >11.2 (II) and >12.2 (III and IV). This behavior indicated that both the acidic and basic forms of the azo dye molecule were electro-
active at the mercury electrode. The ionization constants (pK,) of the dyes were determined by means of dc-polarographic and spectrophoto-

metric measurements. The electrode reaction pathway of the studied compounds was elucidated and discussed.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The widespread applications of the azo dyes as chromo-
phoric and metallochromic reagents [1—5], photochromic ma-
terials [6,7], colorants [8—15], non-linear optics [16—21],
photo-sensitizers [22—24] and sensors [25—28] have attracted
the interest of many electrochemists [29—42]. The reported
electrochemical results showed that the electroreduction of
the N=N double bond took place to the hydrazo stage
(HN—NH) via the consumption of 2e /2H™ or to the amine
stage (—NH,) via the consumption of 4e /4H" in one or
two steps depending on the chemical structure of the investi-
gated azo dye compound, nature of neighboring substituents
and pH of the electrolyzed medium. In this work a systematic
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study was undertaken to investigate the electroreduction of
some pyrazolyl-azo dyes derived from 3-acetylamino-1-phe-
nyl-5-pyrazolone at the mercury electrode and to elucidate
their electrode reaction pathway using different electrochemi-
cal techniques. Besides, the ionization constant of each of the
investigated azo dyes was estimated by means of electrochem-
ical and spectrophotometric measurements.

2. Experimental
2.1. Pyrazolyl-azo dyes

Four pyrazolyl-azo dyes I-IV (Scheme 1) were prepared
by the reaction of 3-acetylamino-1-phenyl-5-pyrazolone with
m-carboxybenzene diazonium chloride and p-sulphoxy-ben-
zene diazonium chloride in pyridine to form the corresponding
azo dyes [43—45]. The obtained pyrazolyl-azo dyes were 3-
[3-(acetylamino)-5-hydroxy-1-phenyl-4-pyrazolyl-azo]benzoic
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Scheme 1. Structure of the investigated pyrazolyl-azo dyes.

acid (I), 4-[3-(acetylamino)-5-hydroxy- 1-phenyl-4-pyrazolyl-azo]
benzene sulphonic acid (I), 3-[3-amino-5-hydroxy- 1-phenyl-4-
pyrazolyl-azo]benzoic acid (III) and 4-[3-amino-5-hydroxy-1-
phenyl-4-pyrazolyl-azo]toluene (IV).

Purity of the prepared pyrazolyl-azo dyes was ascertained by
recrystallization from pure ethanol. The chemical structures of
the prepared pyrazolyl-azo dyes were confirmed by elemental
analysis, '"H NMR and MS-spectral investigations (Table 1).

2.2. Solutions

Standard stock solutions of 1 x 107> M of each of the pre-
pared pyrazolyl-azo dyes (I-IV) were prepared by dissolving
the appropriate amount of the solid compound in a suitable
volume of absolute dimethylformamide (Merck). A series of
the Britton—Robinson (B—R) universal buffer of pH values
2—12 was prepared [46] and used as a supporting electrolyte.
A pH-meter (Crison, Barcelona, Spain) was used for the pH
measurements.

Table 1

2.3. Instrumentation

A Sargent-Welch polarograph model 4001 (Fisher, USA)
was used for the polarographic measurements. The electrolysis
cell used was as described by Mietes [47]. The characteristics
of the capillary used as a dropping mercury electrode (DME)
was m=1.72mg/s and t=3 s in a solution of 0.1 M KCI at
open circuit conditions for a mercury height of 60 cm. A sat-
urated calomel electrode (SCE) was used as a reference
electrode.

Computer-controlled electrochemical analyzer model
273A—PAR (Princeton Applied Research, Oak Ridge, TN,
USA) and the electrode assembly model 303A, incorporated
with a micro-electrolysis cell and a three electrode configura-
tion system comprising of a hanging mercury drop electrode
(HMDE) as a working electrode (surface area = 0.026 cm?),
an Ag/AgCl/KCl reference electrode and a platinum wire
auxiliary electrode was used for the cyclic voltammetric
measurements.

Elemental analysis, '"H NMR and mass spectroscopic data of the prepared pyrazolyl-azo dyes

Comp. (mol. wt.) Mp.°C Elemental analysis (%) calculated/found "H NMR (6 in ppm) and mass spectra
C H N S

I

C;sHsN50, (365.34) 270.3 59.18 4.14 19.17 - o/ppm =2.5 (s, 3H, CHjy), 6.5 (s, 1H, NH), 7.3—8.5 (m, 9H, ArH),
59.08 4.09 19.09 — 11.0 (s, 1H, COOH); MS = 365 MY+, 323 (100%)

I

C7H,5N505S (401.4) 220.2 50.87 3.77 17.45 7.99 o/ppm =2.8 (s, 1H, SOzH), 2.5 (s, 3H, CH3), 6.5 (s, 1H, NH),
50.78 3.65 17.39 7.90 7.3—8.2 (m, 9H, ArH); MS =402 MY*, 277 (100%)

I

C16H13N50; (323.31) 2923 59.44 4.05 21.66 - o/ppm =4 (s, 2H, NH,), 7.3—8.5 (m, 9H, ArH), 11.0 (s, 1H, COOH);
59.39 3.98 21.60 - MS =322 MY" (100%)

v

C,6H;5N50 (293.32) >350 65.52 5.15 23.88 - o/ppm = 3.1 (s, 3H, CHs), 4 (s, 2H, NH,), 7.3—8.2 (m, 9H, ArH);
65.48 5.09 23.81 - MS =335 MY" (100%)
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A potentiostat/galvanostat (model 173-PAR) incorporated
with a digital coulometer model 179-PAR were used for con-
trolled-potential electrolysis of the investigated pyrazolyl-azo
dyes at a mercury pool as a working electrode. A saturated cal-
omel electrode as a reference and a platinum gauze immersed
in a bridge tube as a counter electrode were used. The potential
selected was adjusted to a value equal to the £/, of the polar-
ographic wave of reactant plus —0.1 V or at the beginning of
the limiting current of the polarographic wave. The electro-
lyzed solutions were deoxygenated before measurements by
bubbling pure nitrogen while a stream of nitrogen gas was
kept over surface of the electrolysis solution during the mea-
surements. The number of electrons (n) transferred per azo-
molecule was determined using Faraday’s relation: N = Q/nF
(where N is the number of moles of substance being electro-
lyzed) and was found to equal four electrons per molecule of
the examined azo dye (I—IV). The positive azo test for the
completely electrolyzed solutions of the examined azo dyes
confirmed the reductive cleavage of the —N=N— double bond.

Electronic absorption spectra of the pyrazolyl-azo dyes un-
der consideration in Britton—Robinson universal buffer of pH
values 2—12 were recorded at room temperature within the
wavelength range 200—600 nm using a Shimadzu UV —visible
spectrophotometer model 160A.

3. Results and discussion
3.1. dc-Polarographic studies

Polarograms of each of the examined pyrazolyl-azo dyes
I-IV exhibited a single 4-electron irreversible cathodic wave
in the Britton—Robinson universal buffer of the pH values
<7, <9.4, <10.5 and <9.4, respectively (e.g. Fig. 1). This be-
havior may be attributed to the reduction of the azo —N=N—
center to the corresponding amine via the consumption of four
electrons per azo dye molecule. On increasing pH of the me-
dium, the reduction wave of each of the examined azo dyes
splits into two waves, the limiting current of the second
wave increased at the expense of the first one until the latter
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Fig. 1. de-Polarograms for 2.5 x 10~* M of the pyrazolyl-azo dye (IV) in the
B—R universal buffer of various pH values containing 10% (v/v) DMF: (1)
32,(2)4.2,(3)49,(4)6,(5 7, (6)8.2,(7) 9.4, (8) 10, (9) 11, and (10) 12.2.

disappeared completely in solutions of the pH values >9.5,
>11.2 and >12.5, respectively, for the pyrazolyl-azo dyes
(D, (I) and (IIT and IV) where the polarograms exhibited a sin-
gle four electron wave at more negative potentials (e.g. Fig. 1).
The cumulative i;—pH curve for the single wave and the 1st
splitting one (e.g. Fig. 3, curve a) and that for the 2nd splitting
wave and the single wave at more negative potentials (e.g.
Fig. 2, curve b) recalled, respectively, dissociation (Z-shaped)
and association (S-shaped) curves, a behavior that may be
attributed to the presence of the investigated azo dye molecule
in an acid—base equilibrium [48]. The two cumulative i;—pH
curves for each of the investigated azo dyes were intersected
(e.g. Fig. 2, curves a and b) at the pH values, 7.5, 9.7, 11.1
and 9.7 which are equal, respectively, to the pK, values of
the investigated azo dyes I—IV. The obtained pK, values of
the investigated pyrazolyl-azo dyes (Table 2) are in good ac-
cordance with those obtained by means of spectrophotometric
methods (Table 2). The limiting current (i;) of each of the re-
duction waves of the investigated azo dyes was proportional to
the square root of the mercury height (4). Plots of log (i}) ver-
sus log (h) for the investigated azo dyes at the various pH
values were straight lines with slope values amounting to
0.5—0.6 indicating that the reduction processes of the investi-
gated pyrazolyl-azo dyes at the mercury electrode are mainly
controlled by diffusion [47].

The reduction waves of the pyrazolyl-azo dyes under con-
sideration were analyzed using the fundamental equation for
irreversible polarographic waves [47]:

Ege = Ejy — (59/any)log(ifii — i) (1)
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Fig. 2. ij—pH plots for 2.5 x 107* M of the pyrazolyl-azo dye (IV). (a) The
single wave (pH < 9.4) and the Ist splitting wave (pH 9.4—11.5); (b) the
2nd splitting wave (pH 9.4—11.5) and the single wave (pH > 12.2) and (c)
the total limiting current.
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Fig. 3. E1,—pH plots for 2.5 x 10~* M of the pyrazolyl-azo dye (III). (a) The
single wave (pH < 10.5), (b) the 1st splitting wave (pH 10.5—11.9), (c) the 2nd
splitting wave (pH 10.5—11.9) and the single wave (pH > 12.2).

Plots of Eq4 . versus log (i/i; — i) for the investigated azo dyes at
the various pH values were straight lines with the slope values
S1, (S; =59/an,) reported in Table 3, from which values of an,
and the symmetry transfer coefficient o« were estimated con-
sidering the number of electrons (n,) involved in the rate-
determining step equals 1 or 2. The most probable values of
the a-parameter over the entire pH range revealed that n,
equals two. The obtained «-values (Table 3) confirmed the ir-
reversible nature of the reduction processes of the investigated
pyrazolyl-azo dyes.

The half-wave potentials (E;,,) of the single reduction wave
of each of the investigated azo dyes (I-IV) recorded, respec-
tively, in solutions of the pH values <7, <9.4, <10.5 and
<9.4, and those of the first splitting waves recorded in solu-
tions of higher pH values were shifted toward more negative
values with the increase of pH (e.g. Fig. 3 — curves a and b)
indicating the involvement of protons in the rate-determining

Table 2

Values of the pK, of the investigated pyrazolyl-azo dyes as determined by
electrochemical methods: {(a) i—pH curves, (b) E;,—pH curves and (c)
log [(—iua)/iua ] and log [(i;—ia)/ix]—pH curves} and spectrophotometric
methods: {(d) absorbance—pH curves, (e) the half-height and (f) the modified
limiting absorbance methods}

Azo dye pK.

Electrochemical methods Spectrophotometric methods

(@ (b) (© (d) © ®
I 7.5 7.0 7.5 74 7.5 7.7
I 9.7 9.4 9.7 9.8 9.5 9.3
I 11.1 105 11.1 114 112 11.0
v 9.7 10.0 9.7 9.8 9.2 9.9

Table 3
dc-Polarographic results of the investigated pyrazolyl-azo dyes in the B—R
universal buffer of various pH values, at 25 °C

Azo pH S, an, « S5 o Zh

dye (mV) ny =2 (mV) Ziin, (S2/S))
2 1 0.5

1 4.0 45 1.31 0.65 50 281 1.18 059 1.1

7.0° 45 131 065 45 262 131 065 10
70° 60 098 049 — - - - -
120 55 107 053 — — — - -

i 44 103 057 029 107 110 055 028 1.0
10.1* 95  0.62 031 85 139 0.69 035 09
10.1° 101 058 029 — - - - -
112 100 059 030 — - — - -

il 43 74 080 0.40 72 164 082 041 1.0
105 88 067 033 100 118 059 030 1.1
105> 80 074 037 — - — — -
122 8 068 034 — - - - -

v 42 60 098 0.49 70 1.69 0.84 042 12
10.0° 60 098 049 62 190 095 047 1.0
10.0° 58  1.02 0.51 - - - - -
122 8 068 034 — - - — —

# 1st splitting wave.
® 2nd splitting wave.

step of the reduction processes of the investigated pyrazolyl-
azo dyes and that the proton transfer precedes the electron
transfer reaction [48]. While the E/, of both the second split-
ting waves and the single waves at the pH values >9.5, >11.2
and >12.2, respectively, for the examined azo dyes I, II and
(IIT and IV) were practically pH-independent (e.g. Fig. 3 —
curve c¢). The linear E;,—pH plots for the main single wave
and that for the Ist splitting one of each of the investigated
azo dyes were intersected at a pH value equal to the pK, value
of the investigated azo dye (e.g. Fig. 3, curves a and b). The
estimated pK, values for the investigated azo dyes (I-IV)
are in good accordance with those obtained from the ii—pH
curves of the investigated pyrazolyl-azo dyes (Table 3).

From the slope values S», {S, = (59/an,) Zi;} of the E;,—pH
plots of the main single waves and that of the Ist splitting
waves (e.g. Fig. 3, curves a and b) of each of the investigated
azo dyes, the number of hydrogen ions (Z;}) participating
in the rate-determining step of the reduction process of each
of the investigated azo dyes was determined using Eq. (2)
[47,49]:

Zy; = (3Ei)2/3pH)/(59/0m,) = S,/S) (2)

and was found to equal one (Table 3). Furthermore, values of
the symmetry transfer coefficient («) were determined at dif-
ferent ratios of (Zi/n,) using Eq. (3) [47]:

o = 59/8,(Z;; /n,) 3)

where the ratio (Z;i/n,) can have value of 2, 1 or 0.5 depending
on whether one or two electrons and one or two protons are
involved in the rate-determining step. From the data given in
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Table 3, the most probable values of the a-parameter for all
the investigated pyrazolyl-azo dyes denoted that the ratio
(Z{i/ny) = 0.5 which meant that the rate-determining step of
the reduction process of each of the investigated pyrazolyl-azo
dyes may involve one proton and two electrons. (i.e. Zfj =1
and n, = 2).

The diffusion coefficients D° of the investigated pyrazolyl-
azo dyes were estimated from their limiting current obtained
in acidic and basic media by means of Ilkovic equation [50]
and the obtained values are reported in Table 4. The results
shown in Table 4 indicated that value of the diffusion coeffi-
cient (DO) of the reducible species decreased with the increase
of molecular weight of the investigated azo dyes. On the other
side, value of D° decreased on increasing pH of the medium
from pH 4 to pH 12 which may be attributed to the increased
viscosity of the electrolysis medium.

3.2. Cyclic voltammetric studies

Cyclic voltammograms of the investigated pyrazolyl-azo
dyes (I-IV) at the HMDE recorded in the B—R universal
buffer of various pH values containing 10% (v/v) DMF at var-
ious scan rates (50—500 mV/s) exhibited the same behavior
obtained by dc-polarographic measurements (e.g. Fig. 4).
The irreversible nature of the reduction processes of the exam-
ined pyrazolyl-azo dyes was confirmed from the shift of the
peak potentials (E£,) to more negative values on increasing
the scan rate v (e.g. Fig. 4). The E,, versus In v plots for the in-
vestigated azo dyes at various pH values were straight lines
with slope values proportional to an, [S1]. Values of the sym-
metry transfer coefficient « of 0.43—0.71 were obtained which
again confirmed the irreversible nature of the reduction pro-
cesses of the investigated azo dyes. On plotting 7, versus
square root of the scan rate (vl/ 2) [52] for the investigated pyr-
azolyl-azo dyes, linear correlations were obtained which con-
firmed that the electrode processes of the investigated azo dyes
are mainly controlled by diffusion [53].

3.3. Controlled-potential coulometry studies

In order to verify the overall number of electrons consumed
in the reduction process, solutions of the investigated
pyrazolyl-azo dyes were electrolyzed at a controlled-potential
of —0.1 V more cathodic than the E;,, of the examined azo

Table 4

Diffusion coefficient of the investigated pyrazolyl-azo dyes as calculated by
means of the Ilkovic equation (C=0.25mM, m=1.72mgs ! and t=3s)
in B—R universal buffer of acidic and alkaline pH values at 25 °C

Azo dye Molecular weight (g) D° (cm?/s)

pH 4 pH 12
I 365.34 2.05 % 107° 143 x107°
I 401.40 1.05x 107 7.40 x 1077
11 323.31 2.11x107° 1.54%x107°
v 293.32 243 x107° 1.70 x 107

pH=95

500 mV/s

i, LA

0.4 0.8 1.2
-E / (Ag/AgCI/KCI g) ,V

Fig. 4. Cyclic voltammograms for 1 x 10~* M of the pyrazolyl-azo dye (III) in
the B—R universal buffer of pH 9.5 containing 10% (v/v) DMF at different
scan rates.

dye at the various pH values. The results obtained revealed
that the total number of electrons (n) involved in the overall
reduction process of each of the examined azo dyes (I-IV)
are four electrons per azo dye molecule over the entire pH

(@ 2 (b)

(a)

: | g
< A =
T | X,

- 0 >
-_— L]
o | >

o —
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2 1 | 1 | 1 | 1
6.8 7.2 7.6 8.0 8.4
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Fig. 5. Plots of log[(ij — ina)inal or log[(iy —ia)lin] versus pH for
25%x 107*M of the pyrazolyl-azo dye (I): (a) Ist splitting wave and (b)
2nd splitting wave recorded in solutions of pH 7.0—8.3.
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range which were consumed for the reductive cleavage of the
N=N double bond (Schemes 2 and 3). The positive azo test
for the completely electrolyzed solutions of the investigated
azo dyes was a clear evidence for the reductive cleavage of
the —N=N-— center at the mercury electrode to the amine
stage.

3.4. The electrode reaction

Considering the foregoing results and those previously re-
ported for the electrochemical behavior of various azo dyes
[29,31—33,38—41] based on the reduction of the N=N double
bond via the consumption of four electrons over the entire pH
range, the electroreduction reaction pathway of the examined
pyrazolyl-azo dyes at the mercury electrode can be expressed
as follows:

(i) In solutions of pH value < 7 (I), <9.4 (II), <10.5 (IIT) or
<9.4 (IV), where the pyrazolyl-azo dyes are considered
to be present in the acidic form species (AH), the elec-
trode reaction pathway can be expressed in Scheme 2:

M X
Y
Y N=N N=N
I\ @ Y N\ @
N N\N
oh

(AH) (A)
X
H
(AH) — Y N =— N*
fast M
“N~ TOH
‘h

i ®

T H
X
- E v Nfl\‘l—
(B) + 2¢ + H* 1 N/ \
Rate-determining step ™ H
\
ph

©)

Y NH X
2
E /
©) + 26 + 20  —2> H + HN, @
T OH
Ph

Scheme 2

where E| = E, = E |, of the single 4-electron reduction
step took place in the solutions of the indicated pH
values.

(i) In alkaline solutions of pH values >9.5 (I), >11.2 (II)
or >12.2 (IIl and IV), where the pyrazolyl-azo dyes
are considered to be present in the basic form species
(A7), the electrode reaction pathway can be expressed
as follows:

X Y X
Y. NZ N NN
7\ - <> N S
AN . N o
Ve |
oh ph

(A) (D)
F‘i X
HOH N X
(D) JLLLLLIS N o)
fast ‘
ph
(E)
H
Y
. E; / NoH X
(E)+ 4e + 4HOH — > N A +  HN
N o
Ph
v 1
NH,
/
BN
N OH
bh
Scheme 3

where E3 = E1, of the single 4-electron reduction step took
place in the alkaline solutions of the indicated pH values.
(iii) In solutions of the intermediate pH values: 7—8.3 (),
9.4—109 (dI), 10.5—11.9 {II) and 9.4—11.5 (IV),
each of the considered pyrazolyl-azo dyes is present
in an acid—base equilibrium which can be expressed as:

-
AH=A"+H" (K =k/k)

where both the acidic (AH) and basic (A™) forms are
electro-active at the mercury electrode. Thus, the reduc-
tion of the investigated pyrazolyl-azo dyes within the in-
termediate pH ranges took place via two steps. The
limiting current of the second step (which corresponds
to the reduction of the —N=N— center of the basic spe-
cies A7) increased at the expense of the first one (which
corresponds to the reduction of the —N=N— center of
the acidic species AH) on increasing pH of the medium
until the latter one disappeared completely at pH val-
ues > 9.5 () > 11.2 (I) and > 12.2 (II and IV). Thus,
the electrode reaction of the investigated pyrazolyl-azo
dyes over the indicated intermediate pH values may be
considered to consist of a mixture of the two processes
(i) and (ii).

According to Zuman [48], the existence of an electro-active
compound in an acid—base equilibrium leads to variation of its
reduction current with the change of hydrogen ion concentra-
tion [H"] as governed by Eq. (4):

0.886{ (k:n)[H']}"/*

1—1—0.886{ (%) [Hﬂ}]/2

i

)
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which was modified to the following forms [48,54]:

ket i i — IaH
pH =10g 0.886 <K> + log (lAH> (3)
ket 1/2 S
pH = log 0.886 (?) 1 log (“ l_“*) (6)
A

(iag and i are the reduction currents of acidic and basic
forms, respectively). The plots of [log(ij —ian)/ianl oOr
[log-(iy — ia)/ia] versus pH, respectively, for the 1st splitting
and the 2nd splitting waves of the investigated pyrazolyl-azo
dyes were straight lines (e.g. Fig. 5, curves a and b) indicating
the validity of the previous equations and consequently con-
firmed the presence of the pyrazolyl-azo dye molecule in an
acid—base equilibrium within the intermediate pH range.
The pH value corresponds to the intersection point of the
two curves of each of the investigated compounds equals its
pK, value. The obtained pK, values of the examined pyra-
zolyl-azo dyes are reported in Table 2.

3.5. Substituents’ effect

The substituents’ effect on the reduction process of the in-
vestigated pyrazolyl-azo dyes was identified by applying the
Hammett equation [55]. A practically linear plot of E;, (of
the 1st polarographic wave of the investigated compounds in
a B—R buffer of pH 5) versus the Hammett constants (a,)
was obtained with a slope (p,) of 0.27. The positive value

0.8 —

0.6 —
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0.0 =
200 300 400 500 600
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Fig. 6. Absorption spectra of 4 x 107> M of the pyrazolyl-azo dye (IV) in the
B—R universal buffer of various pH values containing 10% (v/v) DMF: (1) pH
3.1,(2)5.6,(3) 7.8, (%) 9, (5) 9.8 and (6) 10.7.
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Fig. 7. Plots of absorbance—pH (a) and {log (A — Amin)/(Amax —A)—pH} (b)
for the pyrazolyl-azo dye (IV) in the B—R universal buffer.

of the specific rate constant (p,) indicated that the reduction
potential is governed by nucleophilic attack of electrons
[56]. The reactivity of the present —N=N— center towards
reduction was found to increase with the change of the substit-
uent group attached to the benzene ring in the order: m-COOH
(I, =T) > p-SOsH (—1I) >p-CH; (41, +T) since the E;
values of the corresponding pyrazolyl-azo dyes I and III
(m-COOH), I (p-SOzH) and IV (p-CH3) were —0.52,
—0.64 and —0.73 V, respectively. It has also been shown that
there is no effect on the reactivity of the —N=N-— center
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towards reduction due to the substituent groups attached to the
pyrazolyl ring of the investigated azo dye since no shift was
observed in the E,, value e.g. from compound (I) to com-
pound (III) at the same pH value of 5, which meant that the
reduction of —N=N-— center was enhanced by the electron-
withdrawing substituent attached to the benzene ring while it
was retarded by the electron-repelling one. This behavior
can be explained by the fact that the electron-withdrawing
group reduces the basicity of the unprotonated nitrogen atom
and consequently promote the reaction center. The effect of
substituent groups on the reaction center is weak as realized
from the small (p,) value of 0.27 and since the substituent
can affect the reaction center only by its inductive effect [56].

3.6. Spectrophotometric studies

The absorption spectra of the examined pyrazolyl-azo dyes
(I-1V) were recorded within the wavelength range 200—
600 nm in the B—R universal buffer of pH values 2—12 con-
taining 10% (v/v) DMF. As a representative compound, the
spectra of compound (IV) showed two absorption bands, the
extinction of the band at longer wavelength (A,,,x =400 nm)
decreased with the increase of pH while that of the shorter
wavelength (An.x =373 nm) was much developed (e.g.
Fig. 6). This behavior indicated that the 1st band at the shorter
wavelength represents the absorption of species of the pyra-
zolyl-azo dye in which the phenolic OH-group is ionized,
whereas the 2nd one at the longer wavelength represents the
absorption of species of the pyrazolyl-azo dye in which the
phenolic OH-group is non-ionized. An isosbestic point can
be observed for the representative pyrazolyl-azo dye (IV) at
Amax = 383 nm within the pH range 8.9—12. This behavior in-
dicated the presence of each of the investigated pyrazolyl-azo
dyes in an acid—base equilibrium. The variation of absorbance
with pH at the two wavelengths 373 and 400 nm are typical S
and Z-shaped, respectively (e.g. Fig. 7a), which indicated the
transformation of the molecule from one form into another.
The absorbance—pH curves for the investigated pyrazolyl-
azo dyes were made use for the determination of their acid
ionization constant pK, values, where the two curves of each
of the investigated compounds intersected at a pH value which
equals its pK, value. The obtained pK, values of the investi-
gated pyrazolyl-azo dyes (I—IV) agree well with those ob-
tained from the dc-polarographic studies (Table 1). Two
other methods namely the half-height and the modified limit-
ing absorbance [57] methods were applied to determine the
pK, values of the investigated pyrazolyl-azo dyes (e.g.
Fig. 7a and b) and the obtained results are reported in Table 2.
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